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Histone H3K4 methylation is associated with active
genes and, along with H3K27 methylation, is part of
a bivalent chromatin mark that typifies poised devel-
opmental genes in embryonic stem cells (ESCs).
However, its functional roles in ESC maintenance
and differentiation are not established. Here we
show that mammalian Dpy-30, a core subunit of the
SET1/MLL histone methyltransferase complexes,
modulates H3K4 methylation in vitro, and directly
regulates chromosomal H3K4 trimethylation
(H3K4me3) throughout the mammalian genome.
Depletion of Dpy-30 does not affect ESC self-
renewal, but significantly alters the differentiation
potential of ESCs, particularly along the neural
lineage. The differentiation defect is accompanied
by defects in gene induction and in H3K4methylation
at key developmental loci. Our results strongly indi-
cate an essential functional role for Dpy-30 and
SET1/MLL complex-mediated H3K4 methylation, as
a component of the bivalent mark, at developmental
genes during the ESC fate transitions.
INTRODUCTION
Embryonic stem (ES) cells have two key properties: self-renewal,
the capability of maintaining cellular identity after each division,
and pluripotency, the capacity to differentiate into all cell types.
How pluripotency is maintained and executed at the molecular
level remains a central question in ESC biology (Jaenisch and
Young, 2008; Niwa, 2007). Posttranslational modifications of
histoneproteinsare thought tobe important epigenetic events inti-
mately associated with transcription regulation for both of these
processes (Jenuwein and Allis, 2001; Spivakov and Fisher, 2007;
Szutorisz andDillon, 2005; Niwa, 2007). Prominent histonemodifi-
cations include H3K4 methylation, implicated in transcriptional
activation and deposited by Trithorax group proteins, and H3K27
methylation, implicated in transcriptional repression and depos-
ited by Polycomb group proteins (reviewed in Kouzarides, 2007).In undifferentiated ESCs, pluripotency maintenance genes
(e.g., Nanog, Oct4, and Sox2) are marked with high levels of
H3K4 methylation at their transcriptional start sites (TSSs)
(Mikkelsen et al., 2007; Pan et al., 2007; Zhao et al., 2007).
Many developmental regulatory gene loci, however, are marked
with both H3K4 and H3K27 methylation, the so-called ‘‘bivalent
marks’’ (Azuara et al., 2006; Bernstein et al., 2006; Pan et al.,
2007). The combination of the seemingly ‘‘conflicting’’ marks
suggests that these genes are kept silenced by H3K27 methyla-
tion in ESCs, while remaining ‘‘poised’’ for expression events that
are presumably dependent upon H3K4 methylation. This poised
state was proposed to be central both for themaintenance of the
ground state and for the developmental potential of ESCs. The
repressive function of H3K27 methylation at the lineage-specific
loci is supported by the aberrant expression of these target genes
in ESCs lacking key subunits of the PRC2 H3K27methyltransfer-
ase complex (Azuara et al., 2006; Boyer et al., 2006; Lee et al.,
2006). However, functional roles for H3K4 methylation in ESCs
lack experimental support, despite the association of H3K4
methylation, particularly tri-methylation, with active gene expres-
sion (Sims et al., 2003). Specifically, it remains unknown whether
efficient H3K4 methylation is important either for maintaining
expression of stemness genes or for induction of lineage-specific
genes during differentiation of ESCs.
In mammalian cells, SET1/MLL family complexes (hereafter,
MLL complexes) are important enzymes catalyzing H3K4 meth-
ylation. Apart from some specialized subunits, they contain
either hSET1, MLL1, MLL2, MLL3, or MLL4 as the catalytic
subunit and WDR5, RbBP5, and Ash2L as integral core subunits
that are necessary for the methylation activity of the complexes
(Dou et al., 2006). Deletion of any one of theMLL family members
usually has minimal effects on the global levels of H3K4 methyl-
ation likely due to redundancy among the MLL complexes
(Lubitz et al., 2007; Wang et al., 2009). In this regard, loss of
MLL2 in mouse ESCs leads to skewed differentiation, but
evidence for a connection to H3K4 methylation is weak (Lubitz
et al., 2007). MLL1-deficient ESCs are defective in hematopoi-
esis but, for similar reasons, it is not known if H3K4 methylation
is directly involved (Ernst et al., 2004). There are no reports
regarding ESCs deficient in MLL3, MLL4, or SET1. In contrast,
depletion of any of the core subunits effectively reduces the
global level of H3K4 methylation (Dou et al., 2006). However,Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc. 513
severe loss of H3K4 methylation could potentially affect cell
viability and make it difficult to proceed with further biological
analyses or to interpret the results. In order to facilitate a genetic
approach, we sought a subunit of MLL complexes whose loss
would significantly reduce, but not eliminate, H3K4 methylation
activity. Dpy-30 emerged as a good candidate in this sense.
Originally discovered as a gene essential for dosage compensa-
tion in C. elegans (Hsu and Meyer, 1994), Dpy-30 also plays
important roles in worm development and behavior (Hsu et al.,
1995) through mechanisms that remain unknown. The Dpy-30
homolog in fission yeast S. pombe, SDC1, encodes an integral
subunit of the Set1 complex and is important for global H3K4
methylation, but its deletion has less severe effects than dele-
tions of other core subunits (Dehe et al., 2006). In mammals,
the homolog of Dpy-30 directly binds to Ash2L and is a common
subunit of all of the MLL complexes (Cho et al., 2007), but its
function has never been reported.
Here, we show that mammalian Dpy-30 directly regulates
H3K4 methylation by MLL family complexes both in vitro and
genome-wide in vivo. We then demonstrate that depletion of
Dpy-30 or RbBP5 in mouse ESCs leads to a defect in lineage
specification that is accompanied by reduced H3K4 methylation
and impaired plasticity in transcriptional reprogramming, but
does not significantly affect ESC self-renewal. Our data provide
strong experimental evidence in support of critical and relatively
specific functional roles of MLL complexes and the associated
H3K4 methylation in activating the poised developmental genes
during ESC fate transitions.
RESULTS
Mammalian Dpy-30 Enhances H3K4Methylation byMLL
Complexes In Vitro
To assess the biochemical activity of Dpy-30, we performed
in vitro histone methylation assays with a purified MLL2 core
complex. FLAG-HA-tagged human Dpy-30 (FH-Dpy-30) was
purified to near homogeneity from bacteria (data not shown) or
baculovirus-infected Sf9 cells (Figure 1A). A saturating level of
Dpy-30 stimulated H3K4 methylation several fold (Figure 1B),
indicating that Dpy-30 has a significant yet limited activity in
stimulating methylation by the MLL2 complex. This contrasts
with more critical roles for WDR5 and RbBP5 in H3K4 methyl-
ation byMLL1 (Dou et al., 2006). A kinetic analysis demonstrated
that Dpy-30 significantly enhances the rate of H3K4 tri-methy-
lation by the MLL2 core complex (Figure 1C). Because Dpy-30
directly binds to Ash2L and is shared by all MLL complexes
(Cho et al., 2007), it is likely that Dpy-30 regulates H3K4 methyl-
ation by all MLL complexes. The general composition of MLL
complexes was also confirmed in mammalian ESCs, of interest
here, by co-immunoprecipitation of RbBP5 with other common
core subunits and two catalytic subunits, MLL1 and MLL2,
from the nuclear extract of the mouse ESC line E14TG2A (E14)
(Figure S1A, available online).
Mammalian Dpy30 Is Required for Efficient H3K4
Methylation and Reporter Gene Expression in Cells
Knockdown of Dpy-30 by small interfering RNAs (siRNAs) in
MCF7 (Figure S1B), a human breast cancer cell line, and in514 Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc.NT2 (Figure 1D, left), a human embryonic carcinoma (EC) cell
line resulted in a significant reduction of H3K4 di- and tri-
methylation (H3K4me3), indicating that Dpy-30 is important for
maximal global methylation of H3K4 in human cells. Consistent
with the observations in yeast (Dehe et al., 2006), this effect of
Dpy-30 depletion on H3K4me3 appears less significant than
that of RbBP5 or WDR5 depletion (Dou et al., 2006).
We extended these observations to ESCs via Dpy-30 deple-
tion by two lenti-viruses expressing short hairpin RNAs (shRNAs)
against two different sequences of mouse Dpy-30 (Dpy-30#1
and #2). Viruses expressing nonhairpin (NH) and scrambled
control shRNA sequences, as well as shRNAs against mouse
RbBP5 (two sequences: RbBP5#1 and #2), were also con-
structed for control and later functional studies. Dpy-30#1/#2
or RbBP5#1/#2 shRNAs effectively knocked down expression
of the shRNA target genes and correspondingly reduced global
H3K4me3 (Figure 1D, right) in E14 cells. Among the two shRNAs
for each gene, the more effective ones, Dpy-30#1 and RbBP5#1
(Figure S1C) (hereafter, Dpy-30 and RbBP5, respectively), were
selected for most further studies. The knockdown efficiency
was significantly higher for Dpy-30 than for RbBP5 (Figure S1C),
such that the reduction ofmethylation also appearedmore effec-
tive for Dpy-30 (Figure 1D, right).
To investigate the basic effect of MLL complex-associated
H3K4 methylation on transcription in mammalian cells, we em-
ployed a 293T cell line that contains a chromosomally integrated
luciferase reporter gene downstream of five tandem Gal4-
binding sites. In control cells, expression of a Gal4-VP16 fusion
protein consisting of the Gal4 DNA binding and VP16 transacti-
vation domains strongly activated luciferase expression. Over-
expression of MLL complex components including Dpy-30,
MLL1 orMLL2 all significantly enhanced the reporter expression,
while siRNA-mediated knockdown of Dpy-30 significantly
reduced activator-dependent luciferase expression (Figure 1E).
These results implicate a positive role of Dpy-30 and MLL
complex-mediated H3K4 methylation in chromosomal gene
transcription.
Dpy-30 Regulates Chromosomal H3K4me3 throughout
the Genome of Mouse ESCs
To firmly establish a role for Dpy-30 in regulating genomic H3K4
methylation, we wished to examine (1) the relationship of Dpy-30
and H3K4me3 enrichment across the ESC genome, and (2) the
changes in H3K4me3 levels at individual genes upon depletion
of Dpy-30 in ESCs. These goals were achieved through a combi-
nation of genome-wide analysis by ChIP-seq andmore quantita-
tive analysis at specific loci by ChIP-qPCR. The specificity of
our anti-Dpy-30 antibody in ChIP assays was first validated by
the significant reduction of the Dpy-30 ChIP signals on all of
the monitored gene loci upon Dpy-30 depletion (Figure S2A).
Dpy-30 ChIP-seq results revealed that Dpy-30 is highly en-
riched in gene promoter regions and 50UTRs, but not in down-
stream regions of genes or 30UTRs (Figure S2B). It is also evident
from the parallel H3K4me3 ChIP-seq that Dpy-30 binding and
H3K4me3 enrichment share an almost identical profile on
a composite gene representing the average of all of the marked
loci in the whole genome (Figure 2A). Both signals are enriched
within 1kb regions upstream and downstream of TSSs, show
AFH-Dpy-30
20
kDa:
200
116
100
54
37
29
B
H3K4me3
Histones
Bacterial
FH-Dpy-30
Sf9
FH-Dpy-30
FH-Dpy-30
C
0 5 12 20 35 60
H3K4me30
200 ng
Min 
FH-
Dpy-30 H3K4me3
H3K27me2
H3K4me3
H3K4me2
H3K4me1
Histones
GAPDH
Dpy-30
siRNA:
NT2 cells
D
1
121
1
65
0
50
100
150
Gal4 Gal4-VP16
Dpy-30 Knockdown
control
siRNA
Dpy-30
siRNA
Gal4 Gal4-VP16
E
shRNA :
RbBP5
H3K4me3
Histones
GAPDH
Dpy-30
100 200 300 100 200 300 ng
E14 cells
1 117
526
2289
1930
0
500
1000
1500
2000
2500
Vector Vector Dpy-30 MLL1 MLL2
Ac
tiv
at
io
n 
fo
ld
Overexpression of MLL complexes
Figure 1. Human Dpy-30 Is Important for Efficient
H3K4 Methylation In Vitro and In Vivo
(A) Coomassie staining of FH-Dpy-30 purified from virally
infected Sf9 cells.
(B) Effect of Dpy-30 on H3K4me3 by an MLL2 core
complex. An increasing amount of FH-Dpy-30 purified
from either bacteria or Sf9 cells was added as indicated.
Histones and FH-Dpy-30 were detected by Ponceau S
staining, while methylation signals in B, C, and D were
detected by immunoblot.
(C) Kinetic analysis of in vitro methylation by an MLL2 core
complex in the absence or presence of Dpy-30 purified
from Sf9 cells.
(D) Effect of RNAi-mediated Dpy-30 or RbBP5 knockdown
on global H3K4 methylation level in NT2 (left) and E14
(right) cell lines. Proteins or histone modifications were
detected by immunoblot.
(E) Effects of overexpression of components of MLL
complexes (left panel) or effects of Dpy-30 knockdown
(right panel) on Gal4-VP16 mediated activation of an
integrated reporter. Averages ± SD from duplicate
samples are plotted.
See also Figure S1.a major dip slightly upstream of TSSs (coincident with sites of
nucleosome depletion), and peak at the same site around
150 bp downstream of TSSs (Figure 2A). A more detailed
comparison on the genome browser further showed their strong
and genome-wide overlap in both peak distribution and relative
heights (Figure 2B and Figure S2C). A statistical analysis
revealed that the vast majority (92.2%) of the Dpy-30-occupied
regions were also marked with significant levels of H3K4me3
and, conversely, that most (69.1%) H3K4me3-enriched regions
were occupied by Dpy-30 (Figure 2C). The detected Dpy-30-
bound regions are presumably under-estimated due to the rela-
tive technical difficulty in cross-linking of Dpy-30 (which mostCell 144, 513likely does not directly contact DNA). A scatter
plot analysis has further revealed a strong yet
quantitatively imperfect correlation of themagni-
tude of the Dpy-30 occupancy versus H3K4me3
enrichment on all of the marked genes in ESC
genome, including the bivalently marked genes
(Figure 2D) and the genes marked with
H3K4me3 but not H3K27me3 (Figure S2D).
To quantitatively confirm the ChIP-seq results,
we performed ChIP-qPCR for Dpy-30 and
H3K4me3 on genomic regions that included
TSSs of several highly expressed house-keeping
genes and ESC-specific genes, a few silent
regions and, of most relevance in this work,
TSSs of a large panel of poised developmental
genes (randomly picked from the group of genes
that were highly induced by RA-mediated differ-
entiation as described later in this work).The
results (Figure S2E) confirmed the overall corre-
lation between Dpy-30 binding and H3K4me3
as seen in ChIP-seq assays.
To determine a causal relationship of Dpy-30
binding and chromosomal H3K4me3, we nextexamined by ChIP-qPCR the effect of Dpy-30 depletion on
H3K4me3 at the entire panel of developmental genes mentioned
above and a subset of the ESC-specific TSSs and silent regions.
On all of the monitored genes, H3K4me3 was significantly
reduced upon depletion of Dpy-30 (Figure 2E); and on the vast
majority of the developmental genes, the reduction ranged
from 1.5 to 4 fold. This indicates a relatively universal, yet quan-
titatively variable, dependence of H3K4me3 on Dpy-30 for all
marked genes. When the broad TSS-proximal regions of some
developmental genes, such as HoxC6, HoxC5, and Punc, were
examined by ChIP-qPCR with primer series, it immediately
became obvious that the H3K4me3 profiles are true and direct–525, February 18, 2011 ª2011 Elsevier Inc. 515
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Figure 2. Dpy-30 Regulates Chromosomal H3K4me3 throughout the Genome of Mouse ESCs
(A) Composite profiling of Dpy-30 (top) and H3K4me3 (bottom) ChIP signals around TSSs as determined by ChIP-seq. Average ChIP-seq signals of all of the
H3K4me3 enriched genes are depicted.
(B) ChIP-seq signals of Dpy-30 and H3K4me3 in the genome browser for representative gene loci that include a house-keeping gene (Polm, DNA polymerase m),
an ESC-specific gene (Klf2), and some bivalent developmental genes (HoxA cluster and Dpysl2).
(C) Venn diagram showing the overlap of genes occupied by Dpy-30 and genes enriched with H3K4me3 at high confidence in ESCs as determined by ChIP-seq.
(D) Quantitative correlation of signal strength of Dpy-30 binding and H3K4me3 enrichment at TSSs of all of the bivalent genes as determined by ChIP-seq. The
linear regression trendline and the correlation coefficient-square are displayed.
(E) Dpy-30 dependence of H3K4me3 at a large panel of selected gene TSSs or genomic regions. Igfbp5-d is a region downstream of the Igfbp5 gene locus. The
poised developmental genes are sorted by their H3K4me3 levels. H3K4me3 was determined by ChIP-qPCR in control (Scramble) or Dpy-30-depleted (Dpy-30)
ESCs. Averages ± SD from duplicate reactions are plotted.
(F) In situ impact of Dpy-30 binding on H3K4me3 at the broad regions of HoxC6, HoxC5 and Punc genes. Dpy-30 binding and H3K4me3 were determined by
ChIP-qPCR in control or Dpy-30-depleted ESCs.
See also Figure S2.
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Figure 3. Depletion of RbBP5 or Dpy-30
Reduces H3K4 Methylation without
Affecting Self-Renewal of ESCs
(A) Proliferation curves of control and RbBP5- or
Dpy-30-depleted ESCs. In (A), (B), (C), (D), and (G),
averages ± SD from triplicate measurements are
plotted.
(B) AP levels of control and RbBP5- or Dpy-30-
depleted ESCs.
(C) Expression of selected key stemness genes in
control and RbBP5- or Dpy-30-depleted ESCs.
(D) Relative H3K4 methylation levels at TSSs of
key stemness genes or an intergenic region in
control and Dpy-30-depleted ESCs.
(E) Microarray analysis of genes affected by
Dpy-30 depletion in ESCs. Genes were sorted on
the basis of effects of Dpy-30 depletion. The ratio
of expression levels between the two different
controls (blue) and that between Dpy-30-depleted
and scramble control ESCs (red) are shown.
(F) Microarray analysis of genes affected by Dpy-
30 or RbBP5 depletion in ESCs. The numbers of
affected gene probes (out of a total of 22155) are
shown with indicated fold of down- or upregula-
tion.
(G) Differential effects on H3Ac by Dpy-30 deple-
tion, as determined by ChIP-qPCR in control and
Dpy-30-depleted ESCs.
See also Figure S3.footprints of Dpy-30, as indicated by their almost identical
patterns across these regions (Figure 2F). Importantly,
H3K4me3 was most significantly affected at precisely the posi-
tions where the most profound depletion of the bound Dpy-30
occurred around the TSSs of these genes (Figure 2F). These
results demonstrate that Dpy-30 in situ (therefore, directly)
impacts H3K4me3 level in the ESC genome.
The collective evidence of the biochemical activity and the
genome-wide distribution and importance of Dpy-30 for
H3K4me3 establishes a direct and causal role for Dpy-30 in
the regulation of MLL complex-mediated H3K4 methylation
throughout the ESC genome. Having laid this foundation, we
then employed Dpy-30 depletion, sometimes in conjunction
with RbBP5 depletion, to examine the role of H3K4 methylation
in the maintenance and execution of the pluripotency of ESCs.
Normal Levels ofMammalian Dpy-30 and RbBP5 Are Not
Essential for ESC Self-Renewal or Stress Responses
Several observations suggest that ESCs are able to maintain
largely normal properties of self-renewal after partial depletionCell 144, 513–525,of RbBP5 or Dpy-30. First, the depleted
cells exhibited the aggregated mor-
phology typical of undifferentiated ESCs
(data not shown). Second, the prolifera-
tion rate was not significantly changed
(Figure 3A and Figure S3A). Third, the
level of alkaline phosphatase (AP), a
typical ESC marker (Pease et al., 1990),
was not affected (Figure 3B and Fig-
ure S3B). Fourth, the expression levelsof most genes that are critical for ESC self-renewal (including
Nanog, Oct4, Klf4, and Sox2) were not significantly affected (Fig-
ure 3C and Figure S3C), despite a significant reduction of local
H3K4me3 upon knockdown of Dpy-30 (Figure 3D and Fig-
ure S3D). To ensure sufficient time of impact by the depletions,
all of these analyses were performed after culturing the cells
for more than ten days following viral infection. Based on the
entirety of these results, we conclude that self-renewal of
ESCs does not require the normal high level of H3K4 methyla-
tion, at least under the culture conditions employed here.
Consistent with the largely unaffected self-renewal, microar-
ray analyses revealed that the reduction of global H3K4 methyl-
ation had minimal effects on expression of most genes in ESCs
(Figure 3E). For the vast majority of genes, expression differ-
ences between Dpy-30 depletion and scramble shRNA control
were limited to a small range equivalent to the expression differ-
ences between the nonhairpin and scramble shRNA control sets
(Figure 3E) and, hence, are considered insignificant. Out of
22,155 analyzed gene probes, only a very small portion showed
significant down- or upregulation upon RbBP5 or Dpy30February 18, 2011 ª2011 Elsevier Inc. 517
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Figure 4. Inefficient Differentiation of
Rbbp5- or Dpy-30-Depleted ESCs upon LIF
Withdrawal
(A) Morphology of control, RbBP5- or Dpy-30-
depleted cells after being cultured without LIF for
8 days.
(B) AP levels of scramble control (S) and RbBP5-
(R) or Dpy-30-depleted (D) ESCs after being
cultured without LIF for eight days. In (B) and (C),
averages ± SD from triplicate measurements are
plotted.
(C) Expression of developmental genes in control
and RbBP5- or Dpy-30-depleted ESCs before and
after being cultured without LIF for 8 days.depletion (Figure 3F). A gene ontology analysis found no signifi-
cant functional clustering of the up- or downregulated genes.
A possible effect of Dpy-30 depletion on local H3 acetylation
(H3Ac) was also examined by ChIP-qPCR, since H3Ac is
believed to have positive effect on gene expression. Interest-
ingly, Dpy-30 depletion significantly, although not profoundly,
affected H3Ac at the TSSs of almost all monitored develop-
mental genes that are poised in ESCs, but did not affect H3Ac
at the TSSs of genes that are highly expressed in ESCs (including
house-keeping genes and ESC maintenance genes) (Figure 3G).
We next asked whether active gene induction in the ESCs was
affected by Dpy-30 or RbBP5 depletion. To this end, stress
responses to heat shock and DNA damage were tested. Both
control and RbBP5- or Dpy-30-depleted ESCs showed similar
levels of induction of the heat shock protein Hsp70 gene upon
incubation at elevated temperature (Figure S3E) or comparable
upregulation of p21 and Mdm2 genes when treated with the
DNA-damaging reagent doxorubicin (Figure S3F), indicating
that gene induction is not generally affected by depletion of
RbBP5 and Dpy-30 in ESCs. ChIP analyses showed that the
H3K4me3 level at the TSS of Hsp70 was moderately decreased
upon heat shock (Figure S3G), and that the H3K4me3 levels at
the TSSs of p21 and Mdm2 were increased after doxorubicin
treatment (Figure S3H). In each of these two different stress
responses, Dpy-30 depletion significantly reduced the
H3K4me3 levels at relevant TSSs in both control and treated
cells (Figures S3G and S3H). Therefore, we conclude that main-
tenance or induction of gene expression in ESCs does not
necessarily require the full level of H3K4me3.
Dpy-30 and RbBP5 Are Required for ESC Differentiation
upon LIF Withdrawal
We next examined whether the differentiation capacity of ESCs
was affected whenH3K4methylation was reduced. ESCs readily
differentiate in the absence of leukemia inhibitory factor (LIF)
(Smith et al., 1988). After culturing control and knockdown518 Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc.ESCswithout LIF for eight days, we found
(1) that control ESCs differentiated to
cells with fibroblast-like morphology,
whereas most RbBP5- or Dpy-30-
depleted ESCs still exhibited aggregated
ESC-like morphology (Figure 4A); (2) that
the AP level was higher in the RbBP5- orDpy-30-depleted cells than in control cells (Figure 4B); and (3)
that early developmental genes like Igfbp5 and Mest were acti-
vated to significant levels in control cells, but not in RbBP5- or
Dpy-30-depleted cells (Figure 4C). These findings all indicate
a blockade of differentiation in cells depleted of RbBP5 or
Dpy-30.
Dpy-30 and RbBP5 Are Important for Conveying
Plasticity in Global Transcription during ESC
Differentiation into a Neural Lineage
We next focused on the effect of Dpy-30 or RbBP5 depletion on
the retinoic acid (RA)-induced neural differentiation of either
ESCs-derived embryoid bodies (EBs) or ESCs in monolayer
culture. Dpy-30- or RbBP5- depleted ESCs were able to initiate
aggregation into EB-like structures with no major morphological
abnormalities compared to control ESCs. When treated with RA,
certain areas in control EBs differentiated into neuronal fiber
structures that were positive for b-tubulin III, a classical neuronal
marker (Figure 5A). Such structures were completely missing or
far less extensive (and with a lower staining intensity) in the
RbBP5- or Dpy-30-depleted EBs, respectively. Moreover, the
number of b-tubulin III-positive neurons in Dpy-30-depleted
EBs was significantly less than that in control EBs (Figure 5B).
These observations are not likely due to off-target effects of
the Dpy-30 shRNA sequence, as similar effects were seen with
Dpy-30#2 (data not shown). These results indicate that core
subunits of MLL complexes are essential for neural specification
of ESCs.
To obtain more cellular materials for mechanistic analyses,
ESCs were cultured in monolayer form and treated with RA to
induce differentiation into neural precursor cells. A few days after
transfer of these precursor cells to nongelatin-coated plates,
b-tubulin III-positive fiber structures typical of neurons could
be observed in control cells, but weremuch less frequently found
in Dpy-30-depleted cells (Figure 5C). An analysis of samples at
the end of RA treatment revealed that early developmental genes
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Figure 5. RbBP5 and Dpy-30 Are Crucial for ESC Differentiation into a Neural Lineage
(A) Neuronal structures in EBs derived from control and RbBP5- or Dpy-30-depleted ESCs. EBswere treatedwith RA for 14 days and stained for b-tubulin III (top).
Phase contrast microscopic images of the corresponding EBs were shown at the bottom.
(B) Quantitation of b-tubulin III positive neurons. Positive neurons in each EB were counted and the means are indicated.
(C) RA-induced neural differentiation of control or Dpy-30-depleted ESCs in monolayer culture. Cell morphologies were shown two days after the cells were
transferred to uncoated plates (top). Cells were stained for b-tubulin III (middle) or for DNA by Hoechst staining (bottom) four days after the transfer.
(D) Expression of developmental genes before and after RA-mediated differentiation in control (S), RbBP5- (R), or Dpy-30-depleted (D) cells in monolayer culture.
mRNA levels were measured by qPCR and averages ± SD from triplicate reactions are plotted.
(E) Microarray analysis of genes whose expression was induced more than 4 fold after RA treatment in control cells. Genes were sorted according to induction
folds by RA treatment (as compared to expression levels right before RA treatment) in the control cells.
(F) Correlation of the effects of RbBP5 depletion and Dpy-30 depletion on post-RA gene expression. Genes whose expression was normally induced more than
4 fold after RA treatment (red) and genes whose expression was normally suppressed more than 3 fold after RA treatment (blue) were plotted by their post-RA
expression levels in RbBP5-and Dpy-30-depleted cells. The linear regression trendlines and the correlation coefficient-squares are displayed.
See also Figure S4.such as Igfbp5,Msx1 andHoxC6, and neurotrophic factors such
as Igf2 were induced significantly in control cells, but not in
RbBP5- or Dpy-30-depleted cells (Figure 5D).
As revealed by microarray analysis and consistent with
previous findings (Walker et al., 2007), RA treatment of control
ESCs induced many lineage-associated genes, including manyHox genes and genes involved in early neural differentiation,
while silencing many ESC specific genes. Strikingly, depletion
of Dpy-30 or RbBP5 significantly repressed the upregulation of
the vast majority of genes normally induced by RA (Figure 5E
and data not shown). As the same pattern of effects was also
observed as early as 1 hr after RA treatment (Figure S4A),Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc. 519
it suggests that most of the direct RA-responding genes depend
on efficient H3K4 methylation for full induction mediated by RA.
Consistent with a blockade of differentiation, depletion of Dpy-
30 also antagonized the downregulation of genes normally sup-
pressed by RA, as revealed both by microarray analysis on
global genes (Figure S4B) and by qPCR on selected ESC-
specific genes, including Upp1, Klf4, Oct4, and Dnmt3L (Fig-
ure S4C). These results indicate that core subunits of MLL
complexes play an important role in mediating the plasticity of
the expression program during the ESC fate transitions. Impor-
tantly, a strong positive correlation of RA-induced expression
changes resulting from RbBP5 and Dpy-30 depletion, as indi-
cated by a scatter plot with a diagonal distribution of near
straight line and a correlation coefficient value close to 1 (Fig-
ure 5F), further supports the notion that RbBP5 andDpy-30 func-
tion in the same complexes to regulate transcription of the same
genes and in the same direction.
To assess whether depletions of core subunits of MLL
complexes have similar effects in human cells, we chose the
human EC cell line NT2, which also differentiates into the neural
lineage upon RA treatment, as a convenient alternative to human
ESCs. Knockdown of Dpy-30 (Figure 1D, left) or WDR5 (Fig-
ure S4D) in NT2 cells significantly reduced the global
H3K4me3 level. Similar to the observations made with mouse
ESCs, lineage-specific genes including Hand1 and Msx1 were
strongly induced after RA treatment in control NT2 cells, whereas
induction was significantly impaired in WDR5- or Dpy-30-
depleted NT2 cells (Figure S4E). These results indicate that
RA-mediated induction of the lineage genes is critically depen-
dent on normal levels of MLL complex core subunits in human
EC cells.
Dpy-30 Is Important for Normal H3K4me3 Increase
at Developmental Genes for RA-Mediated Cell-Fate
Transition
Having established the importance of RbBP5 and Dpy-30 in
mediating the plasticity of gene expression during ESC differen-
tiation, we next focused on the relevant chromatin-related
molecular mechanisms underlying the observed phenotypes.
As revealed by ChIP-qPCR on TSSs of Igfbp5, HoxC6, and
Msx1, the representative genes that were shown (in Figure 5D)
to be significantly induced by RA-mediated differentiation in
control cells but not inRbBP5- or Dpy-30-depleted cells, a strong
increase of H3K4me3 at these TSSs was observed following RA-
mediated differentiation, but such increase was significantly
affected by the knockdown of RbBP5 or Dpy-30 (Figure 6A).
We then extended this observation to the TSSs of a large panel
of randomly picked developmental genes that were significantly
induced (over 4-fold) in control cells, but much less so in Dpy-30
knockdown cells, by RA treatment (Figure 6B). H3K4me3 levels
were found to be significantly enhanced at the TSSs of the
majority of the developmental genes after RA-mediated differen-
tiation in the control cells (this general trend is apparent when
comparing Figure 6B and Figure 2E), and this increase was
significantly impaired by Dpy-30 depletion (Figure 6B). A few
ESC-specific genes and silenced genes were also examined
for local H3K4me3. In contrast to the developmental genes,
H3K4me3 levels dropped significantly at ESC-specific genes520 Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc.after RA-mediated differentiation in both control and Dpy-30-
depleted cells (Figure 6B and Figure S5A). No significant change
of H3K4me3 by RA treatment was found at silenced regions
(Figures 6A and 6B). The full picture of the chromatin state
around broad TSS-proximal regions of several developmental
genes, including HoxC6, HoxC5, and Punc, clearly confirmed
the significant and Dpy-30-dependent increases in the
H3K4me3 peaks at all of the TSS-proximal regions after RA treat-
ment (Figure 6C). The H3K27me3 levels at the TSSs of some
bivalent developmental genes were also monitored and found
to drop after RA-mediated differentiation in both control and
RbBP5- or Dpy-30-depleted cells (Figure S5B).
To adequately examine Dpy-30 involvement in orchestrating
the differentiation program of ESCs, we performed ChIP-chip
analyses to determine H3K4me3 levels at large promoter regions
(TSS 8.2 to +3 kb) of the whole genome in both control and
Dpy-30 depleted cells after RA-mediated differentiation.
Although quantitative cross-sample comparison of ChIP-chip
results is difficult, genes on which Dpy-30 depletion had a partic-
ularly significant effect could still be revealed. Indeed, the broad
TSS-proximal regions at many RA-inducible genes such as Igf2
and Mgst1 (Figure S5C) were found to be marked with signifi-
cantly higher levels of H3K4me3 in the control cells than in the
Dpy-30-depleted cells after RA-mediated differentiation.
Ontology analysis has revealed that the promoter regions with
largest post-RA H3K4me3 defect by Dpy-30 depletion were
highly enriched in genes involved in transcriptional regulation in
neuron differentiation, axon guidance, and pattern specification
process (Figure S5D), perfectly consistent with the actual differ-
entiation program of ESCs after RA treatment. These results
demonstrate, at a genome-wide scale in the post-differentiation
setting, that Dpy-30 depletion most significantly impacts the
promoter H3K4me3 of the RA-mediated lineage specification
genes.
Consistent with a previous report of increased recruitment of
core subunits of MLL complexes to certain Hox genes upon
RA treatment in NT2 cells (Lee et al., 2007), Dpy-30 binding at
the TSSs of several monitored developmental genes, but not at
an intergenic region, was significantly enhanced after RA treat-
ment in control cells (Figure 6D, left). Depletion of Dpy-30
dramatically crippled such elevated binding, consistent with
the RA-mediated increase of H3K4me3 at those developmental
genes in control, but not in Dpy-30 depleted cells. Similarly, RNA
Pol II recruitment increased significantly at the TSSs of these
developmental genes in the control cells after RA treatment;
and this increase was severely hampered in the Dpy-30-
depleted cells after the same RA treatment (Figure 6D, right).
These results are consistent with the idea that recruitment of
a regulatory subunit of MLL complexes contributes to the control
of H3K4methylation and gene expression levels in a specific bio-
logical process.
To investigate mechanisms by which depletion of RbBP5 or
Dpy-30 leads to inefficient downregulation ofmany ESC-specific
genes during differentiation, we checked histone methylation on
Upp1, Klf4 andOct4 by ChIP before and after RA-induced differ-
entiation. As expected, H3K4 methylation at the TSSs of these
genes dropped after RA treatment in both control and RbBP5-
or Dpy-30-depleted cells (Figure S5A). Strikingly, whereas the
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Figure 6. Dpy-30 Is Important for Normal H3K4me3 Increases at Developmental Genes for RA-Mediated Cell-Fate Transitions
(A) H3K4me3 levels at the representative developmental genes and an intergenic region in control (S), RbBP5- (R), or Dpy-30-depleted (D) cells before and after
RA-mediated differentiation in monolayer culture. In A-D, signals were determined by ChIP-qPCR. In A and D, averages ± SD from triplicate reactions are plotted.
(B) H3K4me3 levels at a large panel of genomic regions after RA-mediated differentiation in monolayer culture. Note the gene list is exactly the same as that in
Figure 2E, and a general increase of H3K4me3 is apparent in the comparison to Figure 2E. Averages ± SD from duplicate reactions are plotted.
(C) H3K4me3 levels at the broad TSS-proximal regions of HoxC5, HoxC6 and Punc genes before and after RA-mediated differentiation in monolayer culture.
(D) Dpy-30 (left) and RNA Pol II (right) recruitment at some RA-inducible genes and an intergenic region before and after RA-mediated differentiation in monolayer
culture.
See also Figure S5.H3K27me3 levels at the TSSs of these ESC-specific genes
increased significantly after RA treatment in the control cells,
the increases were markedly lower in RbBP5- or Dpy-30-
depleted ES cells (Figure S5E). Therefore, MLL complexes are
important not only for increasing H3K4 methylation on lineage-
specific genes, but also for establishing the repressive
H3K27me3 mark on ESC-specific genes for efficient silencing
during ES cell differentiation.
DISCUSSION
The recent boom in genome-wide studies of histone modifica-
tions has provided rich information about the distinctive chro-matin states at a global scale in ES and lineage progenitor cells
(Bernstein et al., 2006; Cui et al., 2009; Mikkelsen et al., 2007;
Pan et al., 2007; Zhao et al., 2007), including provocative obser-
vations regarding the bivalent marks on many developmental
genes. However, this body of information is to a large extent
descriptive and correlative in nature, and the actual functions
of some of the modifications, including H3K4 methylation, in
the biology of those cells have remained unclear.
By a combination of biochemical, cellular and genomic
approaches, we establish a direct and causal role for Dpy-30,
a core subunit of MLL complexes, in efficient chromosomal
H3K4 methylation the ESC genome. We then demonstrate
essential roles for normal levels of Dpy-30 and RbBP5 in ESCCell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc. 521
differentiation. Our data provide strong experimental evidence
for the hypothesis that MLL complexes and their corresponding
H3K4 methylation marks within bivalent chromatin domains
keep silenced developmental genes poised for expression in
mammalian ESCs and are functionally important in powering
the fate transitions of ESCs to specific lineages. A recent profiling
of H3K4me3 during zebrafish embryonic development suggests
that this modification may set the stage for genomic activation
during the maternal-zygotic transition (Vastenhouw et al.,
2010). Apart from being consistent with these findings, our
results in a related mammalian (ESC) system also provide strong
support for the functional significance of such observations. Our
results are also in full agreement with a recent report of an impor-
tant role for MLL2 in activation of the mouse embryonic genome
(Andreu-Vieyra et al., 2010). These findings offer at least partial
mechanistic explanations for the requirement of Dpy-30 in the
development of C. elegans (Hsu et al., 1995), and are in concord
with an essential role of WDR5 in early development of X. laevis
tadpoles (Wysocka et al., 2005).
A Direct and Causal Role for Dpy-30 in Enhancing MLL
Complex-Mediated H3K4 Methylation throughout the
Mammalian Genome
In addition to the dependence of cellular H3K4methylation levels
on Dpy-30, the full extent of Dpy-30 s impact on chromosomal
H3K4 methylation is highlighted by (1) the strong genome-wide
overlap of the Dpy-30 occupancy and H3K4me3 profiles both
in signal positions and in magnitudes and (2) the dependence
of chromosomal H3K4me3 on Dpy-30 binding at individual
TSSs. The directness of the effect is indicated by the combina-
tion of (1) the biochemical activity of purified Dpy-30 in
enhancing H3K4 methylation by one of the MLL complexes
and (2) the in situ effect on chromosomal H3K4me3 upon loss
of Dpy-30 occupancy. Thus, these results collectively provide
a physical and functional picture of Dpy-30 and its associated
MLL complexes in the mammalian genome, and firmly establish
a direct and causal role for Dpy-30 in facilitating chromosomal
H3K4 methylation across the entire ESC genome. However,
we note that in addition to the recruitment per se of the H3K4
methyltransferase complexes, other factors such as H2B ubiqui-
tylation (Kim et al., 2009; Sun and Allis, 2002), transcription
status (Pavri et al., 2006), and stability of the methyl mark may
all contribute to the final methylation level at a particular genomic
site in a specific cell state. This is consistent with the imperfect
correlation of signal magnitudes for Dpy-30 binding and local
H3K4me3 (Figure 2D and Figures S2D and S2E) and with quan-
titative variations in effects of Dpy-30 depletion on H3K4me3
levels at different gene loci (Figure 2E).
Impact of Reduced H3K4 Methylation on Global Gene
Expression
The demonstration of direct (causal) effects of specific histone
modifications on the transcription of specific target genes in
animal cells represents a challenging problem (Kouzarides,
2007). However, recent studies have linked H3K4m3 to the regu-
lation of gene expression through its specific recognition by
various domains–including the PHD finger, the chromodomain,
and the double tudor domain–that are found in many proteins522 Cell 144, 513–525, February 18, 2011 ª2011 Elsevier Inc.that are implicated in transcription (reviewed in Ruthenburg
et al., 2007). It is likely, therefore, that H3K4 methylation does
directly affect expression of many genes on which it is found.
In this regard, our ongoing studies of transcription in reconsti-
tuted cell free systems have shown a direct (causal) role for
H3K4 methylation in the transcription of recombinant chromatin
templates (our unpublished results). These results are also
consistent with the causal effects of both the Dpy-30 and the
catalytic subunits of MLL complexes on expression of a chromo-
somal reporter gene (Figure 1E). However, compared to the
relatively simple and straightforward mode of transcriptional
regulation in these model systems, expression of most endoge-
nous genes is probably regulated by multiple layers of factors
and diverse histone modifications (Suganuma and Workman,
2008), with complex and interactive relationships that make it
difficult to establish unequivocally the direct effect of a single
modification/factor on a specific gene.
Our results in ESC differentiation are most consistent with
a crucial role of MLL complex-mediated H3K4 methylation in
priming the developmental genes for efficient induction upon
differentiation, and are also consistent with the biochemical
capability of H3K4methylation to enhance transcription in model
systems. In undifferentiated ESCs, however, the normal level of
H3K4 methylation appears less essential either for expression of
the vast majority of genes in the genome or for gene induction in
stress responses. Because H3K4 methylation is not completely
lost in the RbBP5- or Dpy-30-depleted ESCs, the possibility
remains that expression of stemness genes may rely on low
levels of cellular H3K4 methylation. However, the clear differen-
tiation-deficient phenotypes of cells with reduced H3K4 methyl-
ation levels sufficient for ESCmaintenance and stress responses
unambiguously demonstrate a relatively specific role for high
level function ofMLL complexes inmediating cell-fate transitions
of ESCs. We consider two possible explanations for the differen-
tial effects of the depletion of MLL complex components.
First, these results may suggest the importance of the detailed
physiological setting for the impact of a specific regulatory modi-
fication such as H3K4me3. As chromatin is overall less compact
and transcription more permissive in ESCs than in differentiated
cells (Efroni et al., 2008), it seems plausible that ESCs may
tolerate the reduction in H3K4 methylation because of the pres-
ence of sufficient amounts of other stimulatory regulators (and/or
lack of repressive regulators) that keep chromatin hyperdynamic
and accessible to the transcription machineries (Meshorer and
Misteli, 2006; Meshorer et al., 2006). In this respect, yeast cells
may superficially resemble mammalian ESCs in that (i) they
also have a relatively loose chromatin organization largely devoid
of heterochromatin and (ii) the loss of H3K4 methylation also has
very little effect on global gene transcription in yeast (Miller et al.,
2001). As mammalian ESCs go through their differentiation
programs, the overall nuclear environment becomes more
restrictive (Meshorer and Misteli, 2006) and thus may necessi-
tate maintenance of sufficiently high levels of H3K4 methylation
to allow for dynamic re-organization of transcriptional programs.
Alternatively, the poised developmental gene loci may have
intrinsically different chromatin structures and hence a higher
dependence on H3K4methylation compared to the ESC specific
gene loci. This speculation is supported by the finding that H3
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Figure 7. A Model for How MLL Complexes
Might Affect ESC Maintenance and Differ-
entiation
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lollipops on the depicted genes are not meant to
be quantitatively meaningful.acetylation is selectively lowered at the poised developmental
genes, but not at the highly expressed genes (including the stem-
ness genes), in Dpy-30-depleted ESCs (Figure 3G). As histone
acetylation is thought to neutralize the charge on histones and/
or to stabilize binding of chromatin remodeling factors, and may
reflect a chromatin statemoreaccessible to transcriptionmachin-
eries, these differential H3Ac effects are consistent with both the
unaffected expression of those genes by Dpy-30 depletion and
a role of Dpy-30 in helping establish a potentially activated chro-
matin state (priming) for a more efficient induction of the poised
developmental genes.Themechanismsunderlying thedifferential
H3Ac effects (and possibly different chromatin architectures) at
the different types of genes remain an interesting question.
Although enhancedH3K4methylation is themajor function es-
tablished for the core subunits of MLL complexes, we cannot
formally exclude the possibility that they may share some other
functions that contribute to ESC differentiation. As these core
subunits have only been reported in association with MLL
complexes, any of their shared functions are most likely related
to the function of MLLs. In this regard, we note that the cellular
phenotypes resulting fromdepletion of the core subunits partially
resemble those for loss of MLL2 in mouse ESCs (Lubitz et al.,
2007).Model for Regulation of Pluripotency by H3K4
Methylation
Based on our results, we refine earlier proposals (Azuara et al.,
2006; Bernstein et al., 2006; Spivakov and Fisher, 2007) and
present a revised model (Figure 7) for how the two opposing
methylation activities coordinate the maintenance and fulfillment
of pluripotency potentials of ESCs. As described, genes critical
for self-renewal and pluripotency maintenance are selectively
marked with H3K4 methylation relative to H3K27 methylation
and are highly expressed in ESCs, while many developmental
genes carry both H3K4 and H3K27 methylation marks andCell 144, 513–525,remain poised. Upon differentiation,
ESC-specific genes begin to lose K4
methylation and gain K27 methylation,
while induced lineage-specific genes
gain K4 methylation at the expense K27
methylation. As shown here, ESCs
depleted of core MLL complex subunits
exhibit a global deficit in H3K4 methyla-
tion that appears to leave expression of
stemness genes largely unaffected but
has amajor effect on the induction poten-
tial of lineage genes. Together with
a compromised enhancement of the
repressive H3K27 methylation of theESC-specific genes, which may involve indirect mechanisms,
these effects result in a blockade of differentiation and inefficient
silencing of ESC-specific genes.
We note a contrast between the defective differentiation
shown here for ESCs depleted of core subunits of MLL
complexes, and the relatively higher tendency of spontaneous
differentiation seen in ESCs deficient for subunits of Polycomb
repressive complexes (Azuara et al., 2006; Boyer et al., 2006).
These contrasting phenotypes confirm that established princi-
ples of antagonism between Trithorax- and Polycomb-group
proteins (Hanson et al., 1999; Klymenko and Muller, 2004; Ring-
rose and Paro, 2004) are evident in a model of mammalian
embryonic development.
EXPERIMENTAL PROCEDURES
Antibodies
Details of antibodies can be found in Supplemental Information.
Recombinant Proteins and Histone Methylation Assay
Details of recombinant proteins and histonemethylation assay can be found in
Supplemental Information.
ESC Culture and Differentiation
E14 cells were cultured on 0.1% gelatinized tissue-culture plates in complete
ESC growth medium supplemented with LIF (Kindly provided by David Allis’s
lab). Embryoid bodies were derived using the hanging dropmethod (Wang and
Yang, 2008) with modifications. For details see Supplemental Information. For
neural differentiation under monolayer culture conditions, ESCs were plated
on gelatinized 6-well tissue-culture dishes at 30,000 cells per well in complete
growth medium with LIF. Next day cells were washed and incubated in growth
mediumwithout LIF for 4 days before incubation with 1 mMall-transRA (Sigma)
for 4 additional days. Cells were either subjected to RNA extraction, fixation for
ChIP analyses, or transfer in growth medium (without LIF or RA) to uncoated
24-well plates for further development of neural morphology.
RNA Interference
Lentiviral constructs expressing shRNAs (listed in Table S1) including the
controls were purchased fromOpenBiosystems. Viral particles were producedFebruary 18, 2011 ª2011 Elsevier Inc. 523
by following the recommended protocols (Addgene). Two days after infection
of ESCs with viruses, puromycin was added at 2 mg/ml to select for pooled
populations of stably-infected cells. MCF7 and NT2 cells were transfected
with siRNA duplexes (listed in Table S1) or an ON-TARGETplus nontargeting
pool as the negative control (Dharmacon) using Lipofectamine (Invitrogen)
according to manufacturer’s instructions.
ChIP, ChIP-seq, and ChIP-chip
For Dpy-30 ChIP, cells were fixed by double crosslinking method, except for
Figure 6D, where single crosslinking was used. For all other ChIP assays cells
were fixed by the single crosslinking method. Remaining steps in ChIP were
performed essentially following the protocol in the ChIP Assay Kit (Upstate)
except that, for ChIP-qPCR, DNA was eluted using Chelex 100 resin following
the fast ChIP protocol (Nelson et al., 2006).
For Dpy-30 ChIP-seq, sonicated chromatin derived from33 108 E14 cells
was subjected to immunoprecipitation by 36 mg anti-Dpy-30 antibody
following the protocol in the ChIP Assay Kit (Upstate) in the absence of salmon
sperm DNA. Purified DNA was submitted to ArrayStar Inc. (Rockeville, MD) for
library construction, sequencing and basic data analyses. ChIP-seq for
H3K4me3 was carried out as described (Bernstein et al., 2006; Mikkelsen
et al., 2007).
For details on ChIP assays including H3K4me3ChIP-chip see Supplemental
Information.
RT-PCR and qPCR
Total RNAs were extracted using the RNeasy kit (QIAGEN) and reverse-tran-
scribed using the SuperScript III First-Strand Synthesis System (Invitrogen).
Fold differences in gene expression levels were normalized against Gapdh.
More details and the primer sequences can be found in Extended Experi-
mental Procedures and in Table S2.
Gene Expression Microarray Analysis
Microarray analysis for global gene expression was performed using standard
methods on Illumina MouseRef-8 v2.0 expression beadchip. For details see
Supplemental Information.
ACCESSION NUMBERS
Our microarray and ChIP-seq datasets have been deposited in the GEO data-
base under GSE26136.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, five
figures, and two tables and can be found with this article online at doi:10.
1016/j.cell.2011.01.020.
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